Abstract The goal of the present study was to investigate whether the psychophysical evaluation of taste stimuli using magnitude estimation influences the pattern of cortical activation observed with neuroimaging. That is, whether different brain areas are involved in the magnitude estimation of pleasantness relative to the magnitude estimation of intensity. fMRI was utilized to examine the patterns of cortical activation involved in magnitude estimation of pleasantness and intensity during hunger in response to taste stimuli. During scanning, subjects were administered taste stimuli orally and were asked to evaluate the perceived pleasantness or intensity using the general Labeled Magnitude Scale (Green et al., Chem Senses, 21(3), 323-334, 1996; Bartoshuk et al., Physiol Behav, 82(1), 109-114, 2004). Image analysis was conducted using Analysis of Functional NeuroImage software. Magnitude estimation of intensity and pleasantness shared common activations in the insula, rolandic operculum, and the medio-dorsal nucleus of the thalamus. Globally, magnitude estimation of pleasantness produced significantly more activation than magnitude estimation of intensity. Areas differentially activated during magnitude estimation of pleasantness versus intensity included, e.g., the insula, the anterior cingulate gyrus, and putamen, suggesting that different brain areas were recruited when subjects made magnitude estimates of intensity and pleasantness. These findings demonstrate significant differences in brain activation during magnitude estimation of intensity and pleasantness to taste stimuli. An appreciation for the complexity of brain response to taste stimuli may facilitate a clearer understanding of the neural mechanisms underlying eating behavior and overconsumption.
Introduction
Magnitude estimation has been used extensively to investigate perception of taste and flavor stimuli. However, little is known about how magnitude estimation, in particular, magnitude estimation of intensity and pleasantness, affects brain response to chemosensory stimuli. We focused here on pure taste stimuli.
The general Labeled Magnitude Scale (gLMS) is a labeled scale with ratio properties (Green et al. 1993) , with the extreme anchor modified to "strongest imaginable sensation of any kind" in order to allow independence from the modality measured. Therefore, it allows for valid acrossgroup comparisons (Bartoshuk et al. 2004) .
The goal of the present study was to use the gLMS to investigate the effect of magnitude estimation on brain activation when participants evaluated the intensity and pleasantness of taste stimuli. Our hypothesis was that the brain areas activated during magnitude estimation of intensity and pleasantness would be distinct, reflecting two different cognitive processes. Furthermore, we hypothesized that brain activation patterns would vary depending on the quality and hedonic valence of the taste stimulus.
Materials and Methods

Participants and Stimuli
Eighteen healthy young adults, nine females and nine males, ranging in age from 19 to 22 years (M020.7, SD00.99) participated in the study after giving informed consent. Participants received monetary compensation for participating in the study. Both institutional review boards at San Diego State University and the University of California, San Diego, gave approval of the study. Participants were screened for absence of ageusia and anosmia with taste threshold and odor threshold tests (Cain et al. 1983 , modified as in Murphy et al. 2002) . Exclusionary criteria consisted of upper respiratory infection or allergies within the prior 2 weeks (Harris et al. 2006; Murphy et al. 2002) . Dominant hemisphere was not assessed; however, all were right-handed. Data from these subjects have previously been published (Haase et al. 2009a ).
Stimulus and Stimulus Presentation
Stimuli were prepared in aqueous solution of distilled water and included-caffeine, 0.04 M; citric acid, 0.01 M; guanosine 5′-monophosphate (GMP), 0.025 M; saccharin, 0.028 M; sucrose, 0.64 M; and sodium chloride (NaCl), 0.16 M (Haase et al. 2009b) .
Inside the scanner, the participant was fitted with a bite bar that was adjusted to deliver stimuli to the tip of the tongue and that also served to reduce head movement. Stimuli and water were delivered at room temperature through seven 25-ft-long plastic tubes, each connected to a 30-ml plastic syringe. The syringes were connected to seven pumps programmed to present 0.3 ml of solution in 1 s (see Haase et al. 2007 , for greater detail about this paradigm).
Stimuli and water were pseudo-randomly presented and separated by a 10-s inter-stimulus interval (ISI). Each stimulus presentation was followed by two presentations of water; the first presentation of water was used as a rinse, and the second presentation of water was used as a baseline comparison for the stimulus. Instructions were displayed on a screen through a computer interface. The 10-s ISI consisted of stimulus delivery (1 s), cue to swallow: "please swallow" (2 s), instructions: "please rate pleasantness" or "please rate intensity" (1 s), and psychophysical scale used for rating intensity or pleasantness (6 s).
Experimental Design
Participants were required to complete two scanning sessions, one during which they received a nutritional preload and one during which they were scanned after a 12-h fast. For the purpose of the present manuscript, only the data corresponding to the fasting condition were analyzed.
Each scanning session consisted of two separate runs; each run was 24 min (1,440 s) in duration. Each stimulus was presented pseudo-randomly eight times in each run, i.e., 16 repetitions for the two runs (see Haase et al. 2007 for more details). Pleasantness and intensity ratings were collected during separate runs. Psychophysical ratings were collected on each trial using gLMS scales (Bartoshuk et al. 2004; Green et al. 1996) , using a MRI-compatible joystick. The intensity scale was numbered from 0 to 100 with 0 corresponding to no sensation and 100 to the strongest sensation imaginable. The pleasantness scale was numbered from 0 to 100 with 50 being neutral. Numbers between 0 and 50 corresponded to unpleasant sensations with 0 corresponding to the strongest unpleasant sensation imaginable. Numbers between 50 and 100 corresponded to pleasant sensations with 100 corresponding to the strongest pleasant sensation imaginable. Prior to the start of each run, the participant was prompted with the instructions for the specific task. The participant was instructed to place the arrow controlled by the joystick at the location on the gLMS that represented his/ her perception of the stimulus. A program written in MAT-LAB then recorded the location on the scale.
Data Acquisition
Imaging was conducted on a 3 T General Electric (GE) Excite "shortbore" scanner. Structural images for anatomical localization of the functional images were collected first using a high-resolution T1-weighted whole-brain FSPGR sequence [field of view (FOV) 
Data Processing
Functional data were processed and analyzed using Analysis of Functional NeuroImage (AFNI) software (Cox 1996) . Preprocessing consisted of motion correction, temporal and spatial smoothing, and automasking. Further details regarding image analysis with this paradigm appear in Haase et al. (2007) . Events were contrasted depending on stimuli (taste vs. water) and cognitive task (taste vs. water during magnitude estimation of pleasantness to be compared with taste vs. water during magnitude estimation of intensity).
An ANOVA was conducted with AFNI (Cox 1996) on the percent change calculated at each voxel with two within participant factors, i.e., cognitive task (two levels: intensity and pleasantness) and stimuli (six levels: caffeine, citric acid, GMP, NaCl, saccharin, and sucrose) and yielded the contrasts presented in the current article. The contrasts of interest for the present study include Contrast I, i.e., activations in response to all taste stimuli when participants gave magnitude estimates of intensity; and Contrast P, i.e. activations in response to all taste stimuli when participants gave magnitude estimates of pleasantness, Contrast I sucrose and Contrast I caffeine, i.e., activations in response to respectively sucrose and caffeine when participants evaluate intensity of sucrose and caffeine. Contrast P sucrose and Contrast P caffeine, i.e., activations in response to respectively sucrose and caffeine when participants gave magnitude estimates of pleasantness of sucrose and caffeine. Activation maps were corrected for multiple comparisons with the AlphaSim program written by Doug Ward and implemented in AFNI (Cox 1996) .
A conjunction contrast (Contrast I and Contrast P) was calculated with the 3dcalc function available in AFNI (Cox 1996) , on individual contrasts previously corrected for multiple comparisons, in order to identify common areas of brain activation during magnitude estimation of pleasantness and intensity.
A difference Contrast (Contrast P minus Contrast I) was calculated with the 3dttest function from AFNI and corrected for multiple comparisons with the program AlphaSim (Cox 1996) .
Results
Psychophysical Measurements
Mean magnitude estimates of intensity collected in the fMRI scanner were respectively 49.5±5.1 for caffeine, 44.0±4.2 for citric acid, 25.8±2.7 for GMP, 44.0±5.2 for NaCl, 40.7± 4.9 for saccharin, and 40.7±4.9 for sucrose (Mean±SEM), on a scale from 0-100, with 0 corresponding to no sensation and 100 to the strongest sensation imaginable (Bartoshuk et al. 2004; Green et al. 1996) . Mean magnitude estimates of pleasantness were respectively 27.9 ± 2.4 for caffeine, 38.1±3.1 for citric acid, 38.7±1.6 for GMP, 36.5±3.6 for NaCl, 36.3±3.6 for saccharin, and 55.1±3.5 for sucrose (Mean ± SEM), on a scale from 0 to 100 with 0 corresponding to the strongest unpleasant sensation imaginable and 100 corresponding to the strongest pleasant sensation imaginable, and 50 being neutral.
Imaging Results
Conjunction Analysis: Magnitude Estimation of Pleasantness and Intensity
A conjunction analysis between Contrast P and Contrast I revealed that areas commonly activated during magnitude estimation of pleasantness and intensity included left and right insula, thalamus, right amygdala, right orbitofrontal cortex Brodmann area (BA) 47, and cerebellum (Fig. 1a , Table 1 ).
Activation During Magnitude Estimates of Intensity
The analysis of the Contrast I, corresponding to magnitude estimates of intensity of taste stimuli, revealed activation in the left and right insula, the thalamus, the right parahippocampal gyrus, the right putamen, the right orbitofrontal cortex BA 47, and the cerebellum (Fig. 1b , Table 2 ).
Activation During Magnitude Estimates of Pleasantness
Magnitude estimates of the pleasantness of taste stimuli, produced activation in the left and right insula, the thalamus, the left and right orbitofrontal cortex BA 47, the right parahippocampal gyrus, the right and left caudate nuclei, the anterior cingulate, the left middle frontal gyrus, the left postcentral gyrus, the left middle temporal gyrus, and the left lingual gyrus (Fig. 1c , Table 3 ).
Activation During Magnitude Estimates of Pleasantness Minus Intensity
The contrast calculating the difference between activation during magnitude estimation of pleasantness minus activation during magnitude estimation of intensity exhibited activation in the left insula, the left postcentral gyrus, the left superior temporal gyrus, the left middle temporal gyrus, the left and right putamen, and the right superior temporal gyrus (Fig. 1d, Table 4 ).
Activation in Response to Sucrose
Magnitude estimation of intensity of sucrose (in the sucrose minus water contrast) produced activation in the insula and the thalamus (Fig. 2) , whereas magnitude estimation of pleasantness of sucrose produced activation in the left and right insula, the thalamus, the orbitofrontal cortex BA 47, the anterior cingulate cortex, the middle frontal gyrus, the left and right postcentral gyrus, the left and right caudate nuclei, the left and right putamen, the lingual gyrus, and the left middle temporal gyrus (Fig. 2) .
Activation in Response to Caffeine
In contrast to the pleasant stimulus sucrose, magnitude estimation of intensity of caffeine (in the caffeine minus water contrast) produced activation in the right amygdala, the left BA 13, and the thalamus, whereas the magnitude estimation of pleasantness for caffeine revealed no significant activation that exceeded statistical thresholds.
Discussion
The goal of the present study was to investigate the effect of using general labeled magnitude estimation scales to evaluate intensity and pleasantness of taste stimuli during an fMRI experiment on brain activation.
Psychophysical Measurements/Behavioral Performance
The psychophysical ratings collected through the general labeled magnitude estimation technique showed that the stimuli were perceived, as attested by the intensity judgments, and that all participants found sucrose pleasant and caffeine unpleasant and the other stimuli neutral to slightly unpleasant. For the purpose of the current article, sucrose and caffeine were used as examples of pleasant and unpleasant stimuli due to the magnitude estimations of pleasantness that they produced in the participants.
Activations Common to Magnitude Estimation of Intensity and Pleasantness
The conjunction analysis allowed for the extraction of areas commonly activated during magnitude estimation of intensity and pleasantness. Those areas included insula, thalamus, orbitofrontal cortex BA 47, and amygdala. These areas correspond to gustatory central projections in primates (Rolls 1995; Scott and Giza 2000; Scott et al. 1986; Yaxley et al. 1990 ), are congruent with clinical studies in humans describing taste deficits (Bornstein 1940; Motta 1959; Penfield and Faulk 1955; Pritchard et al. 1999) and are consistent with previous neuroimaging studies on gustatory function (Cerf-Ducastel et al. 2001; Faurion et al. 1999; Jacobson et al. 2010; Kinomura et al. 1994; Kobayakawa et al. 1996 Kobayakawa et al. , 1999 O'Doherty et al. 2001; Small et al. 2003a, b, c) . This result was expected considering that both tasks involve gustatory processing.
Brain Activation Pattern During Magnitude Estimates of Intensity
During magnitude estimation of intensity, activation was consistently observed in the insula and the thalamus (see Fig. 1a ), areas that receive primary gustatory projections (Benjamin and Burton 1968; Pritchard et al. 1986 ). It has been suggested that taste intensity coding occurs in primary gustatory areas Smith-Swintosky et al. 1991) . Our observations are congruent with the hypothesis of a sustained activation in primary taste areas during magnitude estimation of intensity. This result is also consistent with a study from Grabenhorst and Rolls (2008) , who found activation in the insula when subjects were attending to intensity, although the cognitive task used in that study was different from the task in the present study and necessarily required different cognitive resources, as those subjects were asked to attend and remember intensity rather than to do a magnitude estimation task. Veldheuizen and Small (2011) , also observed activation in insula when subjects attended to taste in a detection task. Interestingly, there is evidence to suggest that activation to sweetness in primary taste cortex is modulated by expectation (Woods et al. 2011 ).
As reported above, activation was also observed in orbitofrontal cortex BA 47, putamen, parahippocampal gyrus, and cerebellum, areas involved in reward processing and memory, two aspects of the processing of taste stimuli that contribute to the perceptual experience of taste. We did not focus on stimulus concentration in this study. Two studies that did (Small et al. 2003c; Spetter et al. 2010 ) also found activation that was modulated by concentration in the middle insula and amygdala, thalamus and putamen. 
Brain Activation Pattern During Magnitude Estimates of Pleasantness
In comparison to magnitude estimation of intensity, activation during magnitude estimation of pleasantness was greater, in particular, in the cingulate cortex and in the orbitofrontal cortex. The caudolateral orbitofrontal cortex (BA 47) has been identified as a secondary area for taste (Rolls 2000) and has been found activated in response to pleasant and unpleasant taste stimuli (Francis et al. 1999; O'Doherty et al. 2001; Small et al. 2003a, c; Zald et al. 2002 Zald et al. , 1998 . It also has been involved in processing preference and reward in primates and humans (Elliott et al. 2000; Wallis 2007 ). In the study mentioned above, Grabenhorst and Rolls (2008) found activation in the orbitofrontal cortex and the cingulate cortex during attention to pleasantness. The present results are consistent with this finding, although, in the present study, using magnitude estimation, activation in those areas was also found to a lesser extent during magnitude estimation of intensity.
Difference in Activation During Magnitude Estimation of Intensity and Pleasantness
The difference contrast Contrast P minus Contrast I exhibited only positive activation, which indicates that evaluating pleasantness of taste stimuli produced more activation than evaluating their intensity. According to an evolutionary perspective, the gustatory system developed hedonic mechanisms to assist in the decision to ingest or reject potentially harmful substances (Scott 1981) , which might translate into a stronger saliency of taste pleasantness compared with taste intensity. A stronger saliency of taste pleasantness might in turn lead to greater activations in response to taste when making magnitude estimates of pleasantness than when making magnitude estimates of intensity. This hypothesis is similar to the notion of cognitive diversion due to shifting between a task requiring a higher emotional involvement, i.e., making magnitude estimates of pleasantness, and a task requiring less emotional involvement, i.e., making magnitude estimates of intensity. Cognitive diversion was observed in tasks such as labeling emotional expression (Hariri et al. 2000) or identifying gender when processing emotional faces (Critchley et al. 2000) , rating and recognizing emotionally salient pictures (Liberzon et al. 2000) , and rating the intensity of aversive visual stimuli (Taylor et al. 2003) . Zatorre et al. (2000) similarly found additional activation during pleasantness evaluation in a PET study investigating the neural mechanisms involved in odor pleasantness and intensity judgments. Their hypothesis was that pleasantness evaluation requires the activation of additional structures involved in affective processing or access to the internal state.
Subtracting activation while subjects made magnitude estimates of intensity from activation while subjects made magnitude estimates of pleasantness revealed that areas differentially activated between the two contrasts included the insula, the anterior cingulate gyrus, the putamen, the superior and middle temporal gyrus, the medial frontal, and the postcentral gyrus ( Fig. 1d; Table 4 ).
We found that making magnitude estimates of pleasantness activated the insula to a greater extent than making magnitude estimates of intensity, a result that might be seen in contrast to the results of Grabenhorst and Rolls (2008) . However, as mentioned above, the cognitive tasks used in the two studies differed, with the older study measuring attention and memory and the present magnitude estimation. A sub-region of the insula has been shown to be activated by the task of magnitude Magnitude Estimation of Intensity and Pleasantness of Sucrose in the Hunger State Intensity Pleasantness Fig. 2 Brain areas activated in response to sucrose during magnitude estimation of intensity and pleasantness. Voxels with a p<0.005 and belonging to clusters of at least ten voxels were considered activated estimation itself and has been postulated as a multisensory magnitude estimation area (Baliki et al. 2009) . A stronger activation of the insula during pleasantness estimation might be related to a higher saliency of hedonic value for taste stimuli during the magnitude estimation task. In addition to the insula, activations were notably found in the anterior cingulate gyrus and the putamen. The anterior cingulate cortex has been involved in decision making (Gehring and Willoughby 2002) , and in particular, it has been suggested that the function of the cingulate cortex might include the use of reward-related information to guide action selection (Hadland et al. 2003) . A study by Taylor et al. (2003) demonstrated that performing a cognitive task can modulate brain activation in response to stimuli with an emotional content in limbic and paralimbic areas. Specific activations were found in the cingulate gyrus and in the dorsal medial prefrontal cortex when comparing the effect of rating and passively viewing pictures (Taylor et al. 2003) . In the present study, greater activation in the cingulate cortex during magnitude estimation of pleasantness compared to magnitude estimation of intensity may be related to a greater involvement of the anterior cingulate cortex in the reward component related to pleasantness in the decisionmaking task of magnitude estimation.
The putamen has been shown to be involved in reward, and in particular, it has been suggested that the putamen encodes the stimulus-action-reward association, guiding ongoing actions toward their expected outcomes and directions (Haruno and Kawato 2006; Hori et al. 2009 ). Small et al. (2003b) reported dopamine release in the caudate and the putamen of participants fed to satiety, with associated reduction of pleasantness. O'Doherty et al. (2006) measured responses in the putamen in relation to participants' food preferences. Recent work neuroimaging of taste while hungry older adults judged pleasantness of sucrose has demonstrated that decreased activation in the caudate is significantly related to increased BMI and waist circumference, suggesting the importance of this reward area to processing of gustatory information . We speculated that activation may be related to decreased dopamine levels in older adults as well as in those who are obese. In the present study, significant activation in the putamen during magnitude estimation of pleasantness minus magnitude estimation of intensity and significant activation of the caudate during magnitude estimation of pleasantness considered alone may be related to a greater involvement of both these areas in the reward component related to pleasantness in the stimulus-action-reward association, i.e., taste-pleasantness-magnitude estimation, of the task.
Activation in Response to Sucrose and Caffeine
Magnitude estimation of intensity of sucrose and caffeine produced patterns of activation similar to the one observed in the conjunction analysis, with most activation in the insula and the thalamus.
On the other hand, magnitude estimation of pleasantness of sucrose and caffeine produced sharply different activation based on the stimulus. Magnitude estimation in response to sucrose, which had been rated pleasant by all the participants, produced strong activations in the insula, the orbitofrontal cortex, the thalamus, the anterior cingulate gyrus, the middle frontal gyrus, the postcentral gyrus, the putamen, the lingual gyrus, and the middle temporal gyrus. Those areas are consistent with previous neuroimaging studies on gustatory function (Cerf-Ducastel et al. 2001; de Araujo et al. 2003a, b, c; Faurion et al. 1999; Jacobson et al. 2010; Kobayakawa et al. 1996; O'Doherty et al. 2001; Small et al. 2003a, b, c) and on taste pleasantness (Francis et al. 1999; Haase et al. 2011; Green et al. 2011; Jacobson et al. 2010; O'Doherty et al. 2001; Small et al. 2003a, b, c; Zald et al. 2002 Zald et al. , 1998 . However, magnitude estimation of pleasantness of caffeine, which had been rated as unpleasant by all the participants, yielded no detectable positive activation at the threshold considered.
The striking difference in activation during magnitude estimation of pleasantness of the two stimuli suggests that the hedonic nature of the stimulus affects brain activations when participants evaluate pleasantness but not when they evaluate intensity. It also suggests that magnitude estimation of pleasantness evaluation of a pleasant stimulus, i.e., sucrose, tends to maximize activations in response to that stimulus, while magnitude estimation of pleasantness of an unpleasantness stimulus, i.e., caffeine, tends to minimize or inhibit activations in response to that stimulus. We note that since there is no baseline of passive tasting, it is not possible to know how these responses differ from taste responses that occur in the absence of evaluation.
In the present study, participants were tested after a 12-h fast, in a hungry state. It has been shown that food is judged more pleasant in a state of hunger (Rolls et al. 1983 ). In addition, selective increase or decrease of activation in response to a stimulus has been described in the case of sensory-specific satiety, in particular, in the orbitofrontal cortex. Responses in the caudolateral orbitofrontal cortex have been shown to decrease to zero when an animal is fed to satiety (Rolls et al. 1989) , which is paralleled by a decreased pleasantness in humans (Rolls et al. 1981) . Modulation of activation in brain regions as a function of hunger and taste pleasantness suggests that, in the present study, where participants were in the state of hunger, activations during the magnitude estimation of pleasantness of sucrose, a nutritive and pleasant stimulus, were maximized, likely reflecting a desirable stimulus, a potential source of calories and reward. On the other hand, brain activations in response to caffeine, a nonnutritive and unpleasant stimulus, were minimized, possibly reflecting a non-desirable or even potentially toxic stimulus (Scott et al. 1995) .
Conclusion
This study investigated the effect of magnitude estimation of intensity and pleasantness ratings during an fMRI experiment on brain activation. Results demonstrated that magnitude estimation of pleasantness produced stronger activation to taste stimuli than magnitude estimation of intensity, in particular, in the insula, the anterior cingulate gyrus, and the putamen, which maybe be related to increased saliency when evaluating hedonic and reward value of taste stimuli relative to the evaluation of intensity. In addition, responses to individual stimuli, e.g., sucrose and caffeine, revealed that the effect of the magnitude estimation task greatly depends on the valence of the stimulus, in particular, when participants evaluated pleasantness. Magnitude estimation of pleasantness of sucrose, in a hungry state, exhibited very strong activations in areas involved in taste pleasantness, a response that was not observed with caffeine.
These findings demonstrate significant differences in brain activation during magnitude estimation of intensity and pleasantness of taste stimuli and hence, the impact of using magnitude estimation and measuring either intensity or pleasantness. The results suggest that different brain areas were recruited when analyzing intensity and hedonic value of taste stimuli, emphasizing the complexity of the brain response to taste stimuli and the potential implications for eating behavior and over consumption.
